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1. Abstract:
5G, ultra-high frequency wireless networks face numerous hurdles due to significant
signal attenuation in materials and large path loss. Empirical research on signal attenuation has
been limited to low frequencies or very select high frequencies. This paper utilizes Finite
Element Analysis in COMSOL Multiphysics to analyze signal attenuation in materials over a
range of the frequency spectrum, from 100Mhz to 40Ghz, which is inclusive of 5G wireless
frequencies. The focus of this paper is on glass and dry wood, as well as wet wood
(representative of trees), as these materials are some of the most likely to stand in the way
between users and cellular nodes. Utilizing various finite element mesh sizes, the analysis found
that moderate signal attenuation starts to occur at frequencies above 10GHz, with more severe
attenuation starting to occur in the 20-30GHz range. Glass and wet wood effectively block all
signals above 30GHz, and while dry wood doesn’t lead to attenuation as severe as glass or wet
wood, it is still large enough to make signal reception behind such a material impractical.
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2. Introduction:
The rollout of high-speed wireless networks has been advertised as a tremendous boon for
society. 4.8 billion people across the globe have mobile phones, and 3.5 billioni of those are
smartphonesii. We check our email, communicate, read the news, play games, and stream videos
in real time, and we expect everything instantly. Silicon Valley titans like Apple, Google,
Facebook and Microsoft spend vast amounts of money ensuring latency is minimized in their
systems, so that everything runs as quickly as possible and the end user experience is flawless.
The bottleneck is now the connection between end user devices and servers: this is where 5G
promises tremendous improvements. Customers’ demand for bandwidth is growing quickly,
obsoleting 3Giii networks like UMTS, EGPRS and W-CDMA, and straining current 4G
networks.
In the perpetual race for speed and bandwidth, 5G networks are now all the rage. Extremely low
latency and huge bandwidth are the major selling points, with Verizon saying things like
“Verizon 5G is helping companies and communities redefine what’s possible”iv. In best case
scenarios, there is no denying that 5G networks are revolutionary, and it has been well
documented how superb 5G networks can be. We could see remote surgeries performed by
robots, networked vehicles which talk to one another and über-fast home broadband without the
need for digging up the streetsv. Unfortunately, initial reviews of 5G networks have documented
trouble receiving signals inside buildings, and over long distances. This study analyzes the
theory describing how electromagnetic waves interact with matter and employs Finite Element
Analysis in COMSOL Multiphysics to model this behavior.

3. Background:
The first commercial wireless network was launched in Japan in 1979, and at the time it only
covered the central part of Tokyo. Within 5 years, the network covered the whole island of
Japan. This network is now referred to as “1G” as it was analog, and voice onlyvi. Twelve years
after the initial rollout of 1G, a 2G, digital network was introduced in Finland in 1991 by
Radiolinja, yet it was still voice only. This 2G network evolved into 2.5G and 2.75G networks in
the proceeding years, both of which allowed for rudimentary and slow data transmission. Ten
years later, in 2001, 3G was introduced and brought with it a large increase in bandwidth,
allowing for the rollout and adoption of internet-connected smartphones. Almost like clockwork,
another decade later the first 4G networks were rolled out, and they “ushered in the era of mobile
internet”vii. A decade after that, we now have the first 5G networks.
1G networks operated at 850MHz and 1900MHz. 2G and 3G operated at additional bands
around 2100 MHz, and 4G networks added bands around 600Mhz, 700MHz, 1.7GHz, 2.1Ghz,
2.3Ghz and 2.5Ghz. Networks in this frequency range have minimal path loss and travel through
walls and most materials fairly well: this is why cell phone reception is pretty good inside of
buildings. But, as consumers consume more and more data on their mobile devices, some
wireless carriers have chosen to move up in the frequency spectrum in order to get more
bandwidth on their networks. Verizon is now rolling out 28GHz and 39GHz 5G networks in
cities across the country. An announcement from their website:
Recently deployed, Verizon’s 5G UWB network uses 28 and 39 GHz mmWave spectrum
bands having 40x bandwidth of 4G LTE 700MHz network. This will aid the network in
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latency, speed and capacity, as a higher number of devices will be able to operate on that
high-band frequency spectrum. To give you an idea, 4G latency is around 20-30
milliseconds, which means it takes that amount of time for information to travel between
origin and receiver. 5G latency, though, is expected to someday reach below 10
milliseconds. Verizon will also deploy 5G technology on lower frequency bands including
700 MHz-2500 MHz frequency range to cover wide area. This means devices that are
further away from the antennae should be able to access the network.
Overall, 5G is expected to improve user experience, power new use cases including
industrial automation, Internet of Things (IoT), etc. Smart cities and those responsible for
infrastructure management can rely on 5G’s capacity to handle all of the devices that
require large amounts of data in short periods of time. These devices should be able to
work reliably and securely in high-density areas like factories, airports and urban
centers. -Verizonviii
Other wireless carriers are rolling out 5G networks at much lower frequencies. T-Mobile, a
competitor to Verizon, has introduced its 5G network at a 600MHz frequency. By means of a
ruthless marketing campaign, they have claimed that higher frequency wireless networks are
impractical and do not work. While T-Mobile’s network is only about 50% faster than their 4G
network, it works everywhere that their current 4G service works. The battle between these large
wireless carriers hints at some of the issues that are associated with moving higher up in the
frequency spectrum; issues which T-Mobile is trying to call attention to in the interest of
marketing its network. This study delves into the physics behind how electromagnetic waves
interact with matter, intending to better understand the complications associated with using ultra
high frequency signals. Focusing on glass and wood, some of the most common obstacles 5G
networks face between cellular node and tower, I then model how electromagnetic waves interact
with matter using Finite Element Analysis in COMSOL Multiphysics.

4. Electromagnetic Waves in Matter:
Maxwell’s equations are the foundation of classical electromagnetic study, and these equations
are expressed many different ways depending on the situation. When one is looking to analyze
electromagnetic waves in matter without free charges, they are expressed as shown below:
Gauss’s Law

𝛻 ∙ #𝜖𝐸&⃗ ( = 0

Gauss’s Magnetic Law

&⃗( = 0
𝛻 ∙ #𝜇𝐻

Faraday’s Law
Maxwell-Ampère’s Law

𝛻 × 𝐸&⃗ =

&⃗ (
−𝜕#𝜇𝐻
𝜕𝑡

&⃗ = 𝜎𝐸&⃗ +
𝛻×𝐻

𝜕#𝜖𝐸&⃗ (
𝜕𝑡

Assuming that there is no free charge is reasonable because glass and wood do not generally
have a net charge. This assumption allows us to set the free charge density 𝜌 equal to zero. Then,
-5-

Faraday’s Law and Maxwell-Ampère’s Law can be combined into a second-order differential
equation. First, we assume that the permeability is constant with respect to time:
𝜕(𝜇)
=0
𝜕𝑡
So, we can pull it outside of the time derivative, and move it to the other side:
𝜇!" 𝛻 × 𝐸&⃗ =

&⃗ (
−𝜕#𝐻
𝜕𝑡

Now we can take the curl of this equation, and simplify by assuming that the material is
homogenous, meaning the material properties stay constant from one region to another, to get:
∇ × #𝜇!" ∇ × 𝐸&⃗ ( + 𝜎

𝜕#𝐸&⃗(
𝜕 # #𝐸&⃗ (
+𝜖
=0
𝜕𝑡
𝜕𝑡 #

Similarly, for the magnetic field:
&⃗ ( + 𝜎𝜇
∇ × #∇ × 𝐻

&⃗(
&⃗ (
𝜕#𝐻
𝜕 # #𝐻
+ 𝜖𝜇
=0
𝜕𝑡
𝜕𝑡 #

We could use these equations if we knew the time derivatives, but we do not know these
explicitly. However, thanks to Fourier transforms, we know that every sinusoidal wave can be
written as a sum of exponential functions; this applies to electromagnetic waves since they are
sine waves. For a single frequency sinusoidal wave, only the first-order Fourier term remains.
This effectively allows us to write 𝐸(𝑥, 𝑦, 𝑧, 𝑡) 𝑎𝑠 𝐸(𝑥, 𝑦, 𝑧)𝑒 $%& . This manipulation allows us to
generate what are called the time-harmonic electromagnetic wave formulations:
∇ × #𝜇!" ∇ × 𝐸&⃗ ( + (𝑖𝜔𝜎 − 𝜔# 𝜖)𝐸&⃗ = 0
&⃗ ( + (𝑖𝜔𝜎 − 𝜔# 𝜖)𝐸&⃗ = 0
∇ × #∇ × 𝐻
∇ × #𝜇!" ∇ × 𝐴⃗( + (𝑖𝜔𝜎 − 𝜔# 𝜖)𝐴⃗ = 0
The main equation that COMSOL uses for electrodynamics is:
𝛻 × 𝜇'!" #𝛻 × 𝐸&⃗ ( − 𝑘(# C𝜖' −
The variables are:

𝑖𝜎
D 𝐸&⃗ = 0
𝜔𝜖(

𝜇'!" = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 !"
𝐸&⃗ = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐹𝑖𝑒𝑙𝑑
𝑘( = 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝜖' = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦
𝑗 = √−1, 𝑎𝑙𝑠𝑜 𝑘𝑛𝑜𝑤𝑛 𝑎𝑠 𝑖

-6-

𝜎 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝜔 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝜖( = 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒
Permittivity and Permeability:
The electromagnetic wave equations hold for waves with macroscopic wavelengths. When the
wavelength of a wave approaches the separation distance of atoms, quantum effects must come
into play. 5G networks have wavelengths on the order of 10!) meter, so they fall safely in the
macroscopic category, since the spacing between atoms is about 10!"( meter. The dependence
on frequency is shown explicitly in the wave formulations shown above, but the dependency also
shows up indirectly through the permittivity and the permeability.
The permittivity and the permeability are found using the microscopic Maxwell’s equations, and
averaging over a small unit of volume, assuming that the material properties are constant over
that volume. At this scale, the magnetization, electric displacement field, magnetic field and
electric polarization can be determined, and from these, the permittivity and the permeability1.
It is well understood that permittivity and permeability are different for different materials.
However, what is less commonly known is that these values depend on the frequency of the
electromagnetic wave we are trying to analyze. COMSOL incorporates this by modelling
damping into the time-harmonic electromagnetic wave equation through the complex-valued
relative permittivity:
𝜖' = 𝑛# + 𝜅 # − 𝑖2𝑛𝜅
where:
𝜖𝜇
𝑛≡\
𝜖( 𝜇(
is the index of refraction and:

"
#

𝜅 ≡ 𝜔]

𝜖𝜇
𝜎 #
^\1 + _ ` − 1a
2
𝜖𝜔

is the other constant of interest in the complex-valued permittivity. Stepping back for a moment,
this 𝜅 is frequently used in the analytical solutions to the wave equation as part of the complex
wavenumber 𝑘b = 𝑘 + 𝑖𝜅 where 𝑘 is the real part of the wavenumber. The imaginary part of the
wavenumber, 𝜅, is what describes wave attenuation as a function of distance. The complex
solutions to the wave equation are:
and for the magnetic component:

𝐸b (𝑧, 𝑡) = 𝐸b( 𝑒 !*+ 𝑒 $(-+!%&)
𝐵b (𝑧, 𝑡) = 𝐵b( 𝑒 !*+ 𝑒 $(-+!%&)

1

Baker-Jarvis and Kim, pgs. 1-5
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The 𝑒 !*+ term is responsible for the exponential damping of our solution as the distance 𝑧
increases, and this damping term looks like:

Figure 1: Exponential damping

where we can see exponential decay as a function of the penetration distance 𝑧. If we plot the
value of 𝜅 a function of the angular frequency:

Figure 2: Graph of 𝜅 for glass, from 2.5Ghz to 39Ghz

This output confirms the notion that as frequency increases, so does the exponential damping
force, hence a signal is attenuated, all independent of the penetration distance 𝑧. Although, 𝜅 is
still incredibly small in absolute terms.
Another way that frequency plays into the attenuation of a signal in a material is through the
frequency dependence of the permittivity. Consider a model of an electron as a mass on a spring:
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At this level it is impossible to describe the behavior in a purely classical way, since everything
at this scale is heavily affected by quantum mechanics, however this analogy is useful. As with
any mass on a spring, there are certain resonant frequencies where the displacement of the mass
(or electron) will get larger and larger if it is driven at that frequency. If we consider the addition
of a damping force which is inversely related to the displacement from equilibrium, then as a
mass (or electron), being driven at its resonant frequency, starts to oscillate to larger and larger
displacements, larger and larger amounts of energy will be “consumed” by the damping force as
it “pulls” the electron back to equilibrium each time it is displaced. In reality, these resonant
frequencies are determined by the transitions between the quantized energy levels of each
electron. The damping force is an analogy for the inelastic and elastic collisions between our
electron of focus, and the other electrons in the material. Further, as best described by James
Baker-Jarvis and Sung Kim “In any complex lossy system, energy is converted from one form to
another, such as the transformation of EM energy into lattice kinetic energy and thermal energy
through photon-photon interactions”2. The takeaway is that signals operating at frequencies that
match the resonant frequencies of electrons are severely attenuated as internal collisions between
electrons transfer wave energy into heat.
Without falling down the rabbit hole too far, we can see that quantities such as permittivity and
the refractive index are not constant (even for the same material). These are not fundamental
microscopic quantities. They are found by averaging microscopic Maxwell’s equations and by
evaluating quantum mechanical phenomena, all of which depend on a plethora of factors, one of
which is frequency. 5G networks comfortably operate in the macroscopic realm of study, but
there could be microscopic and quantum behaviors which play into signal attenuation, and which
we cannot rule out without significant further study. Unfortunately, that is beyond the scope of
this study.

5. Finite Element Analysis:
Finite Element Analysis (FEA) is a numerical method to solve partial differential equations. This
is done by breaking up a geometry into numerous, smaller segments called finite elements. The
process of breaking up a geometry into smaller elements is referred to as constructing a “mesh”.
One of the major advantages of FEA is that it allows you to solve PDE’s over very complicated
geometries, since any geometry can be turned into a mesh (but with various degrees of accuracy
depending on the number of mesh elements you use). Another advantage of FEA is that it easily
allows for studies of geometries with different material properties. For example, one element
could be assigned the properties of glass, and the next element could be assigned the properties
of aluminum.
2

Baker-Jarvis and Kim, pg. 4

-9-

Once a mesh is built, a FEA software is able to discretize our continuous equations (such as
Maxwell’s equations) in space, then solve those equations along each finite element, combining
results at each node (nodes are the intersections between finite elements). There are numerous
methods that FEA software use to obtain a solution to the physics-derived equations of a study.
The solution methodologies vary depending on if the equations are linear or nonlinear,
parametric, eigenvalue or time dependent. The most common solution method is to use an
iterative method, where a large, linear, system of algebraic equations is solved.
Models with nonlinearities create significant problems for finite element analysis, as the Newton
method on which most solvers rely on is contingent upon having an accurate first estimate for the
solution. Sometimes, the initial estimate is not close enough, and the Newton method breaks
down, requiring simplifications (aka “relaxations”) of our modelix.
Another area of difficulty can be the instability of numerical models. Small changes in
parameters can have large effects on the outcome of numerical solutions. “In these situations, the
solution process might be much more difficult than for a more benign and well-behaved
numerical model. It may be difficult to detect and understand the reason for this problem… A
better adapted mesh is often an important ingredient in model behavior improvement”x. This was
one of the major issues experienced in this study, as minor tweaks to the geometry size and mesh
size would lead to dramatically different outcomes. The trial and error method that was
employed to find a suitable mesh size is detailed in the next section.

6. Methodology:
The relationship between frequency and wavelength is:
𝑐 =𝑓∗𝜆
where 𝑐 is the speed of light, 𝑓 is the frequency and 𝜆 is the wavelength. Verizon uses the
28GHz and 39GHz bands in their 5G network. Knowing this, we can solve for the wavelengths:
𝑐 = 28 ∗ 10/ ∗ 𝜆 → 𝜆 = 10.706 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠
𝑐 = 39 ∗ 10/ ∗ 𝜆 → 𝜆 = 7.689 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠
Right away, we can see where 5G networks got their nickname “mmWave”. For reference,
current 4G LTE wireless networks operate between 600Mhz and 2.5 GHz. Solving for the
wavelengths of this “legacy” network technology:
𝑐 = 0.6 ∗ 10/ ∗ 𝜆 → 𝜆 = 499.654 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠
𝑐 = 2.5 ∗ 10/ ∗ 𝜆 → 𝜆 = 119.916 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟𝑠
Indoor Wi-Fi operates at 2.4Ghz, with newer standards 802.11ac and 802.11ad, operating at
5.8GHz and 60GHz respectively. In household Wi-Fi setups, attenuation on 5Ghz channels is
noticeable when compared to 2.4Ghz channelsxi, and attenuation on 60Ghz channels is so severe
that this channel is really only usable when the user is in the same room as the wireless access
point, and line-of-sight.
- 10 -

For 4G and 5G wireless networks, the most common obstacles users will encounter between
them and the cell tower are building materials, such as glass and wood. These materials, with the
addition of wet wood to represent trees, are the focus of this study.
A Note about COMSOL Multiphysics:
COMSOL Multiphysics can be as finicky as it is complicated. As COMSOL describes in its own
documentation, part of this behavior can be attributed to the nature of the numerical solution
techniques employed in Finite Element Analysis. My initial plan was to build a 3D model,
mimicking a suburban residential area, in which signal attenuation through windows, drywall,
trees and leaves could be modeled and tested. Despite the sophistication of COMSOL, this
project was too ambitious, mainly due to the exponentially increasing computational demands
that come with more complicated models. The model size was limited by the 32 gigabytes of
memory that my workstation had at its disposal. This sounds like a lot, but 32 gigabytes can be
easily filled with a 2-D model larger than a meter across, not to mention a 3-D model. Even
moderately sized 2-D models could have hundreds of thousands of degrees of freedom. After
dozens of hours spent learning about the software package and its limitations, it was decided to
change course and study 5G network attenuation through 2-D models of various materials, as
this goal was within the scope of the software’s capabilities and limited enough to be runnable on
my computer.
Initial attempts:
The first step of any study employing Finite Element Analysis is to construct a model, also
known as a geometry. As mentioned above, FEA is suited to solving incredibly complicated
situations, hence it immediately (but prematurely) seemed appropriate to try and model a realworld use case, true to scale and with as much detail as possible. Initial models consisted of a
cell tower, an obstruction, and a house. Inside this house was to be a receiver, and on the top of a
cell tower, a transmitter. Rough sketches of the first model are shown below:

Figure 3: Initial 3D model
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Figure 4: Initial 3D model, zoomed in

It quickly became apparent that this approach was impractical. Numerically solving partial
differential equations requires boundary conditions, and in an open model like that shown in
figures 1 and 2, there are no boundaries. A suitable boundary condition could have been that the
strength of the electric and magnetic fields go to zero as distance goes to infinity, but that is not
practical since I needed a finite model, and preferably a small one, so that calculation time is not
exceedingly long. After a few more attempts at 3-D models, it was decided to move to 2dimensional space due to feasibility concerns and computational limits.
Modeling process:
The first task at hand was to build a geometry. The image below shows the main COMSOL
Multiphysics application window after a geometry (in this case a rectangle) has been built:

Figure 5: Main screen
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Next, one needs to select a material type to apply to our geometry. Here, I have selected quartz
glass as a material, and applied it to my geometry:

Figure 6: Apply a material type

Next, it we need to “add Physics” to our model. In Select Physics, I selected Radio Frequency
then Electromagnetic Waves then Frequency Domain. In the Study toolbar, I selected Study
Steps and chose Frequency Domain and then Frequency Domain, which is the study that
allows us to analyze S-parameters and other behavior across a range of frequencies. The wave
equation specifications window is shown below:

- 13 -

Figure 7: Wave Equation Specifications

Next, in lieu of a transmitter, I used a port which served as the entry point for my
electromagnetic wave. This is shown by the red arrow pointing into our geometry from the left
side:

Figure 8: Signal transmission port
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The specifications window for an electromagnetic port:

Figure 9: Electromagnetic port equation

Correspondingly, in lieu of a receiver, I used another port on the right side of my geometry,
which served as the location at which COMSOL would analyze the amplitude of the
electromagnetic waves that had entered from the left side.

Figure 10: Electromagnetic exit port
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Next, it is time to build the mesh. This is a fairly automatic process, with the only specifications
the user can determine being the maximum element size and the minimum element size for both
the interior mesh and the boundary mesh. In more complicated geometries, it becomes necessary
to decrease the element size on the boundary when the boundary is a geometrically complex. In
this situation, my geometry is quite simple, so I only set the boundary mesh to be slightly smaller
than the interior mesh (for good measure). A screenshot of the mesh, as well as the mesh
specifications is shown below:

Figure 11: Specify a mesh

- 16 -

A close-up of the mesh:

Figure 12: Close up of mesh

Determining the mesh size:
The mesh size was determined via a trial-and-error process after analyzing results from various
mesh sizes. The result of interest is the S-parameter graph of our material of interest. Scattering
Parameters, also known as S-Parameters, are a way to quantify the relative strength of input and
output signals in an electrical system. Since we are interested in the relative strength of the
output signal to the input signal, the forward transmission coefficient S21 is the metric we wish to
analyze. This metric is shown in the schematic below:

Figure 13: Description of S-Parameters3

3

Garade, Mohit. "What are S-parameters?" EverythingRF. Last modified November 2018.
https://www.everythingrf.com/community/what-are-s-parameters.
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Determining the correct mesh size was a cumbersome process. Mesh sizes too small would lead
to S-parameter curves like this:

Figure 14: Glass, 10cm wide, 10cm tall, 4mm mesh size

Where mesh sizes too large would lead to S-parameter curves like this:

Figure 15: Glass, 1.4m wide, 0.6m tall, 4cm mesh size
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The larger, 4cm mesh size appears reasonable at first glance, but when we decrease the mesh size
from 4cm, to 2cm, we get this:

Figure 16: Glass, 1.4m wide, 0.6m tall, 2cm mesh size

Figure 16 obviously expresses a different behavior from figure 15: the “cut-off” frequency in
figure 16 is much higher than in figure 15. The trend continues with a 1cm mesh size:

Figure 17: Glass, 1.4m wide, 0.6m tall, 1cm mesh size
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The trend continues as we decrease the mesh size to 9mm. Here, the “cut-off” frequency moves
slightly higher to around 32 GHz. Decreasing further, the output stabilizes at a mesh size of
about 8mm:

Figure 18: Glass, 1.4m wide, 0.6m tall, 8mm mesh size

Moving to a 7mm element size, the behavior shown in the S-Parameter graph is dramatically
different, seeming to indicate that an 8mm mesh size is “the sweet spot”. Below, a 7mm mesh:

Figure 19: Glass, 1.4m wide, 0.6m tall, 7mm mesh size
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Further comments on this behavior will be made in the discussion section. The study proceeded
using an 8mm maximum element size, with a 1mm minimum element size
Determining the geometry:
The geometry of the object ended up being another area on which much time was spent via a
trial-and-error process. The dimensions first picked for the object resembled construction
materials like glass and wood paneling, which is to say materials with a thickness around 1cm. A
model consisting of a 1cm thick pane of glass is shown in figure 17:

Figure 20: Glass, 1cm thick, 2cm tall, 8mm mesh

To further explore the behavior of the finite element solver, thicker models were made,
maintaining roughly the same proportions. Next, a pane 1.5cm thick:
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Figure 21: Glass, 1.5cm thick, 3cm tall, 8mm mesh

Then a 2cm thick pane:

Figure 22: Glass, 2cm thick, 4cm tall, 8mm mesh

A 4cm thick pane:
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Figure 23: Glass, 4cm thick, 8cm tall, 8mm mesh

An 8cm thick pane:

Figure 24: Glass, 8cm thick, 16cm tall, 8mm mesh

A 20cm thick pane:
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Figure 25: Glass, 20cm thick, 40cm tall, 8mm mesh

A 40cm thick pane:

Figure 26: Glass, 40cm thick, 80cm tall, 8mm mesh

One still larger graph was analyzed, which just focused on the 20Ghz to 40Ghz part of the
spectrum:
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Figure 27: Glass, 80cm thick, 1.6m tall, 8mm mesh

This probing of larger geometry sizes was done mostly to explore the behavior of the solver, and
how the S-parameter graph changed with the thickness of the model. Under the constraints of the
8mm mesh size, making the geometries bigger allowed for more elements to be used, which I
thought would allow more opportunities for the physics to show its “true behavior”, since the
solver was not calculating signal attenuation over only a few, small elements but rather across
many elements in a thicker geometry.
It became clear in most models that signals 30GHz and higher are severely attenuated. While low
frequencies appear to have little issue traveling through any thickness of glass, high frequencies
appear to only travel through thin pieces, becoming exponentially attenuated with thicker pieces.
The decision was made to use a 40cm thick, 80cm tall model as this seemed to be the best
combination of clean output and computability, and also seemed to align with my impressions of
what real world testing was indicating. In hindsight, this was a compromising and naïve decision.
More comments will be made on this in the discussion section.

7. Results:
The final S-Parameter curves are shown below for a 40cm by 80cm geometry, with an 8mm
maximum element size and a 1mm minimum element size:
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Figure 28: Quartz Glass

Figure 29: American Red Oak (Dry)
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:
Figure 30: American Red Oak (Wet)

8. Discussion:
In glass and wet American red oak, the COMSOL output showed very apparently that signal
attenuation becomes extreme upwards of about 20 GHz. In dry American red oak, we don’t see
the “cliff” behavior shown by S21 parameters in glass and American red oak, but moderate
attenuation starts to occur in the 30Ghz to 40Ghz range. Taken as a whole, if this data is reliable,
it indicates that 5G networks utilize frequencies which fall in the severely attenuated range of
spectrum for both glass and wet wood, with still moderate attenuation being shown in dry wood.
Keep in mind that the dependent variable is shown on a logarithmic scale, hence a drop of 40
decibels is actually a 10,000-fold decrease in power. Unless extremely powerful transmitters are
used in close proximity to the user, it appears that receiving ultra-high frequency network signals
through glass and wood is not a practical use case.
Considerations and Issues:
For better or for worse, this thesis evolved time and time again as I learned more about how
finite element analysis works. In most scientific studies, one can be reasonably assured that
recorded data is not wildly false. If suspicions arise, one can normally verify the validity of data
by repeating experiments, and/or running numerous trials. Unless the experimental setup is
wildly flawed, numerous trials can help assure the accuracy of data. This study was different.
Numerical solving techniques are known to have unstable solutions, and as detailed in the
methodology section, small changes in geometry and mesh size would lead to dramatically
different outcomes in S-Parameters. In the COMSOL documentation this unstable behavior is
noted, and in addition mentions are made of the numerous difficulties FEA has with certain types
of equations, specifically nonlinear equations. At the onset I did not have the background or
knowledge to intuitively know what output was right and what was wrong, which led me to
actively search for output to affirm my impressions of how electromagnetic waves interact with
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matter. The knowledge I had of the complexities involved with Finite Element Analysis, as well
as the instability of solutions, wrongly convinced me that once I got output that made sense, I
should run with it. Rather than testing the robustness of my output, I just tried to get logical
output. As my physics E&M class came to an end this semester, and as I started to read the
chapters at the end of the book describing the theory behind electromagnetic waves in matter, I
started to question whether the output I got from COMSOL made sense. Unfortunately, at this
stage, it was too late to turn back and redesign my study to be more robust. I assumed FEA was
foolproof, where it most definitely is not. Lesson learned.
Signal attenuation mainly depends on the conductivity, permittivity and permeability of a
material. While these material properties are frequency dependent, this is probably a relatively
minor consideration except when we are close to resonant frequencies. As shown in the complex
solution to the wave equation:
Where:

𝐸b (𝑧, 𝑡) = 𝐸b( 𝑒 !*+ 𝑒 $(-+!%&)
"
#

𝜅 ≡ 𝜔]

𝜖𝜇
𝜎 #
^\1 + _ ` − 1a
2
𝜖𝜔

The permittivity, permeability and conductivity, in addition to the angular frequency, determine
the exponential damping a signal experiences in matter as expressed by this model. While
permittivity and permeability don’t change much in magnitude between materials, the electrical
conductivity 𝜎 does. The difference between the electrical conductivity of glass and that of
structural steel is on the order of 10#( . To get an idea of scale, at 39GHz, 𝜅 is 100 greater for
steel than it is for quartz glass. This doesn’t immediately tell us that COMSOL’s output doesn’t
make sense, but in this context, it is surprising that attenuation starts to occur in glass when 𝜅 is
on the order of 10!"0 for a 39GHz signal.
In hindsight, further issues are associated with the mesh size chosen. Despite an 8mm mesh size
sounding small, it is not nearly small enough. A 39GHz wave has a wavelength of 7.7mm, and as
the COMSOL documentation points out, in modeling electromagnetic waves “the size of the
largest element has to be substantially smaller than the wavelength in order to resolve the
problem”xii. 8mm does not meet this criterion. The mesh size should have been dramatically
shrank, as well as the geometry in order to make a significant smaller element size computable
with the computer I was working on.
The signal attenuation shown by the S-parameters changes dramatically when the mesh size is
decreased to 7mm from 8mm. What this shows is what COMSOL refers to an “unstable
solution”. Small modifications in parameters led to large changes in output, which is not a
reassuring situation. In hindsight, this was most likely caused by using mesh sizes greater than
the wavelength of the electromagnetic waves being analyzed. A mesh size of 1mm would have
been more reasonable, however when this mesh size was tried, the computational times involved
became extremely burdensome. Shrinking the geometry to accommodate this smaller mesh size

- 28 -

led to S-Parameter graphs that didn’t seem to make sense; however, maybe output on this scale
was actually more accurate. For a 0.5mm thick 10cm tall geometry of glass:

Figure 31: Glass, 0.5mm thick, 10cm tall, 1mm mesh

Quickly concluding that this output was nonsense early in the study was a major mistake of
mine. Through the lens of what I knew from empirical testing, the behavior expressed from an
8mm mesh size S-Parameter made the most sense. I knew that high frequencies had trouble
penetrating materials, so when I saw output that confirmed that, I ran with it instead of truly
challenging the behavior I was seeing. This desire to affirm what I already knew, compounded
by my unfamiliarity with the physics of electromagnetics in matter until late in the spring
semester, might have led me astray. In light of what I have learned since, the S-Parameter shown
in figure 31 might be showing us resonant frequencies of glass; and this is still very relevant
information even if it doesn’t immediately align with empirical testing of 5G networks, and the
qualitative takeaways of said testing. I cannot rule out the validity of the output COMSOL
provided using an 8mm mesh size, but I am skeptical.

9. Conclusion:
This paper set out to analyze 5G signal attenuation using finite element analysis in COMSOL
Multiphysics. After numerous trials and errors, S-parameter outputs from COMSOL show that
moderate signal attenuation starts to occur at frequencies above 10GHz, with more severe
attenuation starting to occur in the 20-30GHz range. Glass and wet wood effectively block all
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signals above 30GHz, and while dry wood doesn’t lead to attenuation as severe as glass or wet
wood, it is still large enough to make signal reception behind such a material impractical.
While the data appear to align with empirical testing of 5G networks, specifically the difficulty
involved with receiving 5G signals inside of buildings, I cannot know for sure if the COMSOL
output is reliable. In hindsight, the mesh size and geometry size were much too large, which
makes the accuracy of COMSOL’s output dubious. However, analyzing the damping term in the
complex solution to the wave equation appears to verify the direct frequency dependence of
signal attenuation in materials. A graph of 𝜅, the constant in the exponential damping term,
shows its rising by about 8 times as we move from 2.5Ghz to 39Ghz, frequencies that correspond
to 4G and 5G, respectively. The higher value of 𝜅 for higher frequencies corresponds to stronger
damping for signals that operate on higher frequency electromagnetic waves, such as 5G. A
caveat of this analysis of 𝜅 is that its absolute value is still not that big. Even though its value
increases by a factor of 8 as we move from 2.5GHz to 38GHz, in absolute terms, 𝜅 at 39Ghz is
still incredibly small.
COMSOL is an incredibly complicated software package, and the optionality can be
overwhelming at times. While this optionality is superb if one knows how to use it all, it opens
the door to making major mistakes by clicking the wrong button or making the wrong
specification. Admittedly, after spending many weeks figuring out the software, and then many
more actively using and manipulating various studies in the software, I still cannot call myself an
expert. Midway through the process, I started to gravitate towards just getting usable output.
While I would like to believe that my results are accurate reliable, I cannot know for sure. But a
minimum, my results serve as an inspiration for further study. As electrical engineering has run
up on the limits of physics, we have found technological hurdles and boundaries that we
previously didn’t think much of. The issues that have arisen in 5G networks are probably
explained by the boundaries of physics. If my analysis is accurate, the real-world usability of 5G
networks does not appear favorable. Firstly, the analytical solutions to the wave equation show
exponential damping growing for higher frequencies. Secondly, if my COMSOL output is to be
believed, 5G signals fall in a range of spectrum that is significantly attenuated by glass and wood
when one analyzes such attenuation behavior numerically. Maybe creative solutions can be
found. But, the limits of physics tend to be quite stubborn.
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